Introduction
Antimicrobial agents that function by interacting with bacterial cell walls or cell membranes include some of the most frequently used antibacterial agents in human medical and veterinary practice. Agents that target these essential features of pathogenic bacteria are often considered to be bactericidal agents, because their action is so disruptive to the cell that viability is curtailed (88, 90) . This makes them highly attractive for therapeutic purposes.
Among the agents that target the cell wall are the common β-lactams, which include penicillins, cephalosporins, carbapenems and monobactams, the glycopeptides and fosfomycin. Membrane-active agents include the multitargeted lipopeptide daptomycin, the peptidic antibiotics such as colistin and polymyxin B and the ionophore antibiotics monensin and salinomycin. As seen in Table I , β-lactams and glycopeptides have been used in both human and veterinary medicine, whereas daptomycin, fusidic acid and the polymyxins have established themselves in human chemotherapy and the ionophore antibiotics are restricted to animal use. In this review, the various agents in each of these classes will be presented with respect to their structure, mechanism of action and resistance profiles.
Cell wall active agents
Bacterial cell wall synthesis involves a complex metabolic pathway, which begins with precursors in the cytoplasm that are linked enzymatically in a series of chemical reactions before being transported to the outer surface of the cytoplasmic membrane. The resultant Nacetylmuramyl-pentapeptide containing a D-Ala-D-Ala terminal dipeptide is then incorporated into the growing peptidoglycan structure that forms the cell wall by utilising specific transglycosylases and transpeptidases to facilitate cross-linking of the cell wall components in replicating bacteria (9) .
␤-Lactams
β-Lactam antibiotics have been used safely and effectively for over 70 years, initially to treat infections caused by Gram-positive cocci (28) . With the introduction of broadspectrum β-lactams, infections caused by Gram-negative anaerobic and aerobic bacteria can also be treated with this family of agents (60) . Structures of some commonly used β-lactams are shown in Figure 1 . Among these agents are narrow-spectrum penicillins and cephalosporins, expandedspectrum cephalosporins, the potent broad-spectrum carbapenems, and the monobactam aztreonam, which has activity against Gram-negative pathogens only. These antibiotics, particularly the early penicillins and cephalosporins, have been used extensively to treat infections not only in humans but also in domestic animals (82) (Table I) . Although benzylpenicillin is a natural product that can be isolated directly from fermentation broths, the other commonly used β-lactam antibiotics are semisynthetic molecules that originate from 6-aminopenicillanic acid (79) or 7-aminocephalosporanic acid (2).
All the β-lactams utilise a similar strategic mechanism to produce their antibacterial activity. The enzymatic targets for these antibiotics operate in the final stage of bacterial cell wall synthesis, and include multiple species-specific proteins named penicillin-binding proteins, or PBPs (37) . Those membrane-bound PBPs that serve an essential function in cell wall biosynthesis often appear as bifunctional enzymes with a combination of transpeptidase and transglycosylase activities, or transpeptidase and carboxypeptidase activities (64) . The β-lactam antibiotics interfere with cell wall synthesis by binding to the terminal D-Ala-D-Ala in the lengthening peptidoglycan architecture, thereby preventing cross-linking of the cell wall (90) . Bacterial PBPs all possess a serine in the enzymatic active site that can be acylated by β-lactams during bacterial growth (64) . Rapid acylation of the active site serine, followed by very slow deacylation, results in virtual inactivation of the PBPs, leading to bacterial cell death.
Two major resistance mechanisms for β-lactams are operative, which vary with the organisms involved (13) . In Gram-positive bacteria, the most common mechanism is acquisition of new PBPs that have low affinity for common β-lactams (19) . The pre-eminent example of this is in Staphylococcus aureus: the presence of the PBP2a-encoding mecA gene results in a PBP with low affinity for all but a few recently developed β-lactams, leading to meticillinresistant S. aureus, or MRSA (81) . Before the recognition of staphylococci that produced PBP2a, however, penicillin resistance in the staphylococci was more often due to the production of penicillinase activity (54) . Today, both mechanisms are operative in MRSA (72) , although penicillinase production is superfluous in the presence of the mecA gene.
The pneumococci have also demonstrated the ability to acquire low affinity PBPs, although the range of β-lactam resistance is more restrictive than in S. aureus. Isolates of penicillin-resistant Streptococcus pneumoniae (PRSP) can exhibit a broad range of minimum inhibitory concentrations (MICs) for different β-lactams (23) . This means that some PRSP isolates may be susceptible to selected cephalosporins, whereas MRSA has been considered to be uniformly resistant to all β-lactams (24) . That dogma is changing, however, with the development of new 'anti-MRSA β-lactams', such as the anti-MRSA cephalosporin ceftaroline that was recently approved by the United States Food and Drug Administration (FDA) (61) . Notably, no β-lactamases have been reported in the streptococci. the active site (Classes A, C and D) and those that require one or two zinc ions to facilitate β-lactam hydrolysis (Class B) (7, 47, 50) . Functional grouping of these enzymes allows the correlation of molecular structure with biochemical characteristics, as seen in Figure 2 (15) . The groups are defined according to the distinguishing β-lactam(s) hydrolysed by that enzyme family, and by the inhibitor profile. For example, clavulanic acid is a good inhibitor of many β-lactamases in class A, but is not very active against class B or C enzymes, or most class D β-lactamases. Metal chelators such as ethylene diamine tetra-acetic acid (EDTA) inhibit the metallo-β-lactamases (MBLs) but have no effect on serine enzymes.
The enzyme families that are currently of most concern are: -the extended-spectrum β-lactamases (ESBLs), which hydrolyse penicillins, early cephalosporins and expandedspectrum cephalosporins, and monobactams such as aztreonam -serine carbapenemases, which hydrolyse all β-lactams, including the monobactams -the MBLs, which hydrolyse all β-lactams except the monobactams (13).
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Rev. sci. tech. Off. int. Epiz., 31 (1) Enterococci have also acquired low affinity PBPs, notably PBP5 in Enterococcus faecium (39, 58) . Although enterococci were reported in the 1980s to produce a penicillinase that was identical to a staphylococcal β-lactamase (96), recent reports have indicated that this enzyme is now rarely seen in surveillance studies (1).
In Gram-negative bacteria, the major resistance mechanism is production of β-lactamases rather than modifications of PBP (13) . In addition, efflux and modification or deletion of porin function can play a role in resistance to specific β-lactams. Loss of porin function may occur in concert with β-lactamase production, which results in high levels of resistance to virtually all β-lactams (11). Development of β-lactamase inhibitors such as clavulanic acid, sulbactam and tazobactam has been a major tactic of the pharmaceutical industry to counteract the activity of these enzymes (26) .
More than 1,000 unique β-lactamases have been described, with varying molecular and functional properties, on the basis of their substrate preference and inhibitor profile (14, 49) . On a molecular level, β-lactamases can be divided into those that utilise serine at These three families of enzymes have been spreading among Gram-negative bacteria throughout the world on mobile elements that involve integrons and transposons, with transferable plasmids that convey resistance determinants for multiple antibiotic classes. Although ESBLs were the major β-lactamases of interest in the 1990s, the plasmid-encoded carbapenemases with a broader substrate spectrum have now become prominent. Examples of these enzymes include the KPC serine carbapenemases originally identified from Klebsiella pneumoniae (13) and the NDM-1 family of MBLs (89) that often appear in multidrug-resistant Enterobacteriaceae.
Glycopeptides
Vancomycin, the first glycopeptide to be introduced into medical practice to treat infections caused by Grampositive cocci, was not widely accepted at first. When this natural product was initially isolated from fermentation broths of Streptomyces orientalis (now Amycolatopsis orientalis) for therapeutic use, the isolation procedures were inadequate and did not remove impurities from the preparations. This resulted in material affectionately named 'Mississippi Mud', and, as a result, dose-limiting toxicity, including nephrotoxicity, restricted the utility of this agent (41) . However, over time, greater purification of the material has resulted in a minimally toxic antibiotic that is used extensively for the treatment of MRSA infections (29) . Unfortunately, its activity against enterococci has been compromised by several elaborate resistance mechanisms.
Other glycopeptides that have been introduced include teicoplanin and avoparcin, neither of which was approved for use in the United States, and telavancin (Fig. 3) . Teicoplanin, like vancomycin, is widely used therapeutically to treat MRSA infections, but only outside the United States. Compared with vancomycin, teicoplanin generally has greater potency against streptococci and enterococci, while retaining activity against some vancomycin-resistant enterococcal isolates (see below) (71, 75) . The once-a-day dosing regimen of teicoplanin is particularly attractive for outpatient use (87) . Telavancin was recently approved by the FDA for treatment of skin infections caused by susceptible Gram-positive pathogens, including MRSA, but not vancomycin-resistant enterococci, and has lower MICs against most of these pathogens than vancomycin or teicoplanin (25) . The veterinary glycopeptide avoparcin was approved for use as an antimicrobial growth promoter in Europe in 1974, but by 1997 it had been banned throughout the continent because of the association of avoparcin with vancomycin resistance in E. faecium isolates from veterinary patients (91) . Concerns were raised because of the ability of the VanA phenotype to be transmitted to humans from animal reservoirs, which resulted in an increase in glycopeptide resistance in human populations (91) .
Glycopeptides inhibit the growth of bacteria by forming a complex between the antibiotic and the C-terminal D-Ala-D-Ala dipeptide of the nascent peptidoglycan on the outer surface of the cytoplasmic membrane (9) . The formation of this complex prevents the transglycosylation and transpeptidation reactions that are necessary for completion of the peptidoglycan chain, resulting in an incomplete cell wall and subsequent cell death. In addition to its interaction with D-Ala-D-Ala, telavancin binds to lipid II, a cell wall precursor on the cytoplasmic side of the cell membrane. This interaction results in membrane depolarisation and eventual membrane disruption, thereby providing a second mechanism that leads to cell death (63) .
Vancomycin resistance was initially thought to be difficult, if not impossible, to attain. Glycopeptides, with their Resistance to vancomycin and teicoplanin was first reported as transposon-related resistance in a variety of enterococci in the late 1980s (9) . Glycopeptide resistance was initially characterised by phenotypes, using letter names for each of the profiles. The VanA and VanB phenotypes are associated with gene clusters that may be transferred on large plasmids, or from chromosome to chromosome, whereas the other vancomycin resistance mechanisms are related to chromosomal mutations that may be either inducible or constitutive (20) . Isolates that exhibit the VanA phenotype are typically resistant to all glycopeptides, although telavancin seems to be less commonly affected than vancomycin or teicoplanin (25) . Teicoplanin and telavancin are both active against vancomycin-resistant isolates with the VanB phenotypes (25, 75) , while teicoplanin also exhibits activity against VanC, VanE and VanG strains (20) .
Full resistance to vancomycin in the staphylococci has been reported exceedingly rarely, with vancomycinresistant S. aureus, or VRSA, reported in only about a dozen cases worldwide (70) . High-level glycopeptide resistance is generally due to the vanA gene cluster that has been acquired from vancomycin-resistant enterococci (76 
Phosphonic acids
Fosfomycin, or, as it was first known, phosphonomycin, is a simple epoxide-containing antibiotic (Fig. 4) isolated from streptomycetes (66) , and related to phosphoenolpyruvate. It has generated increased attention over the past few years due to its bactericidal activity against a wide range of microorganisms, including multidrug-resistant Gram-positive and Gram-negative bacteria such as P. aeruginosa (38) . Susceptibility to fosfomycin among recent Gram-negative isolates that produce KPC carbapenemases or the ubiquitous CTX-M ESBLs has been reported to be from 54% to 90% (78, 84) . Interestingly, a clinical isolate of E. coli that produced the rapidly disseminating NDM-1-metallo-β-lactamase was recently shown to be susceptible only to fosfomycin, colistin and tigecycline among all the antibiotics tested (77).
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Fig. 4 Structures of fosfomycin and daptomycin
Fosfomycin is active because it inhibits the cell wall synthesising enzyme MurA, the enolpyruvyl transferase that catalyses the first committed step of peptidoglycan synthesis (52) . Because this enzyme is essential for formation of the bacterial cell wall, fosfomycin inhibits the growth of a broad range of bacterial species. In Gramnegative bacteria, only one gene encodes an enzyme with MurA functionality (12) , whereas in Gram-positive bacteria two murA genes exist with different nucleotide sequences, but similar biochemical characteristics. At least one MurA protein must remain functional for the cell to survive (27) . Thus, it is possible that one murA gene product may be inactivated, but the cell may retain viability.
Resistance to fosfomycin may involve several different mechanisms (69):
-the murA gene can mutate to produce an enzyme with reduced affinity for fosfomycin (92) -increased levels of MurA can be produced, requiring higher concentrations of fosfomycin for growth inhibition -more general resistance mechanisms can emerge that involve increased efflux or decreased cellular uptake, due to alterations in the glpT and/or uhp transport systems (45, 74) .
In addition, enzymatic inactivation of the antibiotic can occur (8, 85) . Inactivation by the enzyme FosA occurs in a reaction that involves Mn 2+ -dependent covalent addition of the glutathione cysteinyl sulfhydryl to the C1 of fosfomycin (10, 62) . A homologous thiol transferase inactivation reaction is catalysed by FosB (95), which adds cysteine to the C1 oxirane (33) . In Listeria monocytogenes, the enzyme FosX that hydrates fosfomycin, also at the oxirane C1 position, can exist as multiple variants in different Listeria strains (34) . Other fosfomycininactivating enzymes, FomA and FomB, are capable of mono-and di-phosphorylation of the phosphonate functionality of fosfomycin, thereby providing another resistance mechanism (55) . Of these mechanisms, those most commonly reported are combinations of murA gene overexpression with transport defects (69).
Membrane-active agents
Lipopeptides
The only lipopeptide currently approved for therapeutic use is daptomycin, a cyclic lipopeptide of high molecular weight (Fig. 4 ) that has rapid bactericidal activity against Gram-positive cocci (6) . Daptomycin has been approved for the treatment of complicated skin and skin structure infections (cSSSI), and for therapy of bloodstream infections (bacteraemia) caused by S. aureus, including those in patients with right-sided infectious endocarditis (www.accessdata.fda.gov/scripts/cder/drugsatfda). It is not used to treat pneumonia, because the molecule is inactivated by pulmonary surfactant (83).
Originally described as an inhibitor of peptidoglycan synthesis (6) , daptomycin was later demonstrated to cause calcium-dependent membrane depolarisation (5), which results in the cessation of macromolecular synthesis and disruption of the cellular membrane in the dying bacteria. These results were recently confirmed through transcriptional profiling studies in daptomycin-treated S. aureus, in which genes in the cell wall stress stimulon were affected, as well as genes affecting membrane depolarisation (68) .
Clinical resistance to daptomycin is relatively rare (80), but it has been observed among occasional enterococcal and staphylococcal clinical isolates. Recent studies indicate that < 0.1% of staphylococci and < 2% of enterococci are nonsusceptible to daptomycin (53, 65) . Decreased susceptibility to daptomycin in S. aureus has been associated with point mutations in MprF, a lysylphosphatidylglycerol synthetase, and with a nucleotide insertion in YycG, a histidine kinase (35) . In a study of sequential clinical S. aureus isolates from an endocarditis patient treated with daptomycin, resistant isolates exhibited increased membrane fluidity, reduced polarisation and permeability, and an elevated net positive surface charge (51) . Although some staphylococcal isolates that are not susceptible to daptomycin exhibit a thickened cell wall, this is not a universal characteristic (93) . In addition, staphylococcal strains can be generated in the laboratory with an RpoB mutation, which results in heteroresistance to daptomycin and vancomycin (21) . In the enterococci, non-susceptibility to daptomycin has been studied less extensively and appears to be due to other mechanisms (18, 67) .
Cyclopeptide antibiotics
Polymyxin B and colistin (polymyxin E), the two peptide antibiotics that are commercially available, are similar in their spectrum of activity, mechanism of action, resistance characteristics and toxicity (56) . However, their antimicrobial potency, pharmacodynamic and pharmacokinetic properties, and chemical structures (Fig. 5) are distinct. These antibiotics, first identified in the late 1950s, were used in both human and veterinary medicine when they were first introduced (44) . Their primary role was to treat serious infections caused by Gram-negative bacteria (40) . Toxicity, reported as early as 1965 (43) , limited the use of these agents for several decades. However, recent data analyses demonstrate less renal and central nervous system toxicity than previously reported (30, 57) , and the drugs are now used as a treatment of last resort for infections caused by multidrugresistant Gram-negative pathogens, particularly P. aeruginosa, Acinetobacter spp. and carbapenemaseproducing K. pneumoniae (59) .
The polymyxins are bactericidal antibiotics that bind to lipid A of the lipopolysaccharide in the bacterial membrane, resulting in membrane disintegration (31) . Resistance is relatively rare, with current estimates of < 10% worldwide (31), but is increasing as these agents are used more frequently; a 12% rate of resistance to colistin has been reported for recent isolates of Acinetobacter from Kuwait (4). Resistance most frequently involves modifications of the outer membrane (31) . These mechanisms may be either intrinsic or adaptive, involving numerous regulatory systems (32) . Mechanistic studies have demonstrated that intrinsic resistance occurs when the phosphate groups on the lipid A anchor in the membrane lipopolysaccharide are modified in polymyxinresistant Gram-negative bacteria (94) . Other studies have demonstrated that mutations in the PmrAB and PhoP/PhoQ two-component regulatory systems are correlated with colistin resistance (3, 36, 42) .
Ionophore antibiotics
The polyether (carboxylic) ionophores, monensin and salinomycin (Fig. 6) , which are used exclusively in veterinary medicine, were initially isolated as fermentation products from Streptomyces spp. (22) . These ionophores have activity against both protozoa and bacteria (16) . As a result, they are effective as prophylactic and therapeutic agents in the control of coccidiosis (22) , and in controlling or preventing swine dysentery (16) . Monensin (in cattle) and salinomycin (in pigs) are also used as growth promoters; they alter the gut flora of the animal, resulting in more efficient food utilisation due to a variety of proposed mechanisms (17) . Quasi-ionophore antibiotics that include channel-forming agents such as gramicidin and the polyene antibiotics (16) will not be discussed in this review.
Monensin and salinomycin are monovalent ionophore antibiotics that transport Na + and K + ions across cell membranes, not only in microbes but also in birds and mammals, organisms in which high doses are toxic, and sometimes lethal (48, 73) . They perturb normal ion transport by lowering the energy barrier for cell transport and disrupting the ion gradient across the membrane, resulting in cell death (16) . Resistance to these agents has been reported in Gram-positive cocci, but no mechanism has been defined, although the resistance did not appear to be transferable (16) .
Conclusion
Antimicrobial agents that act against cell wall or membrane targets are among the most commonly prescribed agents in the antibiotic armamentarium. Included are the broadspectrum, safe and effective, β-lactams, which are now suffering from an overabundance of β-lactamases. For infections caused by Gram-positive bacteria, the glycopeptides and lipopeptides are highly effective, even though resistance is a problem in the enterococci. The peptide antibiotics colistin and polymyxin B have become the agents of last resort for the treatment of many multidrug-resistant Gram-negative infections, but concerns abound related to perceived toxicity and an increase in resistance. The less popular fosfomycin is experiencing a resurgence in its use for the treatment of some Gram-negative pathogens, although resistance is also a concern. As the emergence of resistance continues to drive the selection of therapeutically useful antibiotics, bactericidal agents that target the bacterial cell wall and membrane may remain attractive drug choices.
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Les agents antimicrobiens ciblant la paroi cellulaire et la membrane cellulaire des bactéries
Les agents antimicrobiens ciblant la paroi ou la membrane cellulaires des bactéries sont utilisés avec succès depuis 70 ans. Parmi les agents inhibant la synthèse de la paroi cellulaire bactérienne, les antibiotiques β-lactame jouent un rôle intéressant, car ils constituent une famille d'agents à spectre large inhibant la plupart des bactéries pathogènes, mais ce rôle est désormais menacé par la propagation rapide de ␤-lactamases qui inactivent la molécule active. Si les glycopeptides présentent toujours une bonne efficacité contre les staphylocoques, l'apparition de résistances chez les entérocoques est devenue un sujet majeur de préoccupation. La fosfomycine a récemment été introduite afin de traiter les bactéries à Gram négatif multirésistantes. La daptomycine, qui cible en même temps les fonctions exercées par la membrane et la synthèse du peptidoglycane est particulièrement indiquée pour traiter les infections à Staphylococcus. Les polymyxines ciblent les membranes cellulaires et sont utilisées habituellement pour traiter les infections dues à des bactéries multirésistantes à Gram négatif. Les antibiotiques ionophores utilisés en médecine vétérinaire ont pour cible la membrane de nombreuses espèces microbiennes et animales. Bien que l'augmentation des résistances doive faire l'objet d'une vigilance constante, ces classes d'agents bactéricides peuvent constituer des antibiotiques efficaces.
Mots-clés
Bêta-lactame -Daptomycine -Fosfomycine -Glycopeptide -Ionophore -LipopeptideMembrane cellulaire -Paroi cellulaire -Polymycine -Vancomycine.
Agentes antimicrobianos que atacan la pared y la membrana celulares de las bacterias
K. Bush
Resumen Hace setenta años que se vienen utilizando con buenos resultados agentes antimicrobianos que atacan la pared o la membrana celular de las bacterias. Entre los agentes que inhiben la síntesis de la pared celular figuran los betalactámicos, antibióticos de amplio espectro que son capaces de inhibir el crecimiento de la mayoría de las bacterias patógenas, aunque ahora su eficacia empieza a peligrar debido a la rápida diseminación de betalactamasas que inactivan el fármaco. Los glucopéptidos aún siguen siendo muy activos contra los estafilococos, pero en los enterococos han aparecido resistencias que plantean graves problemas. En los últimos tiempos se ha utilizado fosfomicina para combatir bacterias gram negativas multirresistentes. La daptomicina, que ataca tanto la función de membrana como la síntesis de peptidoglucano, resulta especialmente eficaz para tratar las infecciones estafilocócicas. Las polimixinas, que atacan la membrana celular, se vienen empleando con mayor frecuencia para combatir las infecciones por bacterias gram negativas multirresistentes. Los ionóforos, utilizados en medicina veterinaria, son antibióticos que atacan las membranas de muchas especies microbianas y animales. Aunque la proliferación de resistencias sigue generando inquietud, estos grupos de antibacterianos pueden constituir antibióticos de gran eficacia.
Palabras clave
Betalactámico -Daptomicina -Fosfomicina -Glucopéptido -Ionóforo -Lipopéptido -Membrana celular -Pared celular -Polimixina -Vancomicina.
